D elirium is common after cardiac surgery, occurring in as many as 53% of patients. 1 Characterized by acute decline in attention and cognition, delirium is associated with long-term consequences, including decreased cognitive function, 2,3 reduced functional capacity, 4, 5 and increased mortality. 6, 7 Once delirium has developed, it is difficult to treat; thus, developing measures to prevent its occurrence is critical. Although postoperative delirium has many known risk factors, most cannot be modified (age, education, and baseline cognition), and so identifying modifiable risk factors is crucial. Transfusion of red cell units is a potentially modifiable risk factor that has been associated with postoperative delirium in observational data. 8 Recent laboratory and clinical data have shown that increasing the duration of red cell unit storage may have adverse consequences for patients who receive them, Copyright 
BACKGROUND:
The time that red cell units are stored before transfusion may be associated with postoperative complications, although the evidence is conflicting. However, the association between the length of red cell unit storage and postoperative delirium has not been explored. We hypothesized that the length of storage of transfused red cell units would be associated with delirium after cardiac surgery. METHODS: We conducted a case-control study in which patients undergoing coronary artery bypass, valve, or ascending aorta surgery with cardiopulmonary bypass at Johns Hopkins from 2005 to 2011 were eligible for inclusion. Patients were excluded if they did not receive red cell units, received >4 red cell units during hospitalization, received any transfusion after the first postoperative day, or received red cell units that were not exclusively stored for ≤14 days or >14 days. Eighty-seven patients met transfusion-related inclusion criteria and developed postoperative delirium. Controls who did not develop delirium were selected from the same source population of eligible patients and were matched 1:1 based on age (± 5 years), 2-to 2.5-year band of date of surgery, and surgical procedure. For each patient, we calculated the average storage duration of all transfused red cell units. The primary outcome was odds of delirium in patients who were transfused red cell units with exclusive storage duration >14 days compared with that of ≤14 days. Secondary outcomes were odds of delirium with each increasing day of average red cell unit storage duration. We used conditional multivariable regression to test our hypotheses. RESULTS: In conditional multivariable analysis of 87 case-control pairs, there was no difference in the odds of patients developing delirium if they were transfused red cell units with an exclusive storage age >14 days compared with that ≤14 days (odds ratio [OR] 1.83; 95% confidence interval, 0.73-4.58, P = 0.20). Each additional day of average red cell unit storage beyond 14 days was associated with a 1.01-to 1.13-fold increase in the odds of postoperative delirium (OR, 1.07; P = 0.03). Each additional day of average storage beyond 21 days was associated with a 1.02-to 1.23-fold increase in the odds of postoperative delirium (OR, 1.12; P = 0.02). CONCLUSIONS: Transfusion of red cell units that have been stored for >14 days is not associated with increased odds of delirium. However, each additional day of storage >14 or 21 days may be associated with increased odds of postoperative delirium in patients undergoing cardiac surgery. More research is needed to further characterize the association between delirium and storage duration of transfused red cell units. (Anesth Analg 2014;119:242-50) although the evidence is conflicting. 9 In retrospective analyses of patients undergoing cardiac surgery, transfusion of red cell units that have been stored for >14 days has been associated with postoperative morbidity and mortality, 10 and such poor outcomes also have been reported in other surgical populations. 11, 12 However, other retrospective analyses of patients undergoing cardiac surgery have found no evidence of an association between length of storage of red cell units and postoperative outcomes. [13] [14] [15] Similarly, a recent large retrospective study in noncardiac surgery patients found no evidence that increased mortality was associated with increasing storage duration of red cell units. 16 The mechanism by which duration of red cell unit storage might lead to adverse outcomes is unclear, but potential explanations include reduced deformability of stored red blood cells (RBCs), 9 reduction in 2,3-diphosphoglycerate (2,3-DPG) levels, 17 and changes in availability of nitric oxide, 18 all potentially leading to a reduction in oxygen delivery. 19 Similarly, the mechanism for the development of delirium is unclear, but because the brain is exquisitely sensitive to adequate oxygen delivery, impairment in oxygen delivery is a potential mechanism for subsequent delirium. Indeed, delirium after cardiac surgery has been associated with several factors that either predispose or reflect impaired oxygen delivery to the brain, including anemia, 20,21 decreased perfusion pressure during bypass, 22 and low cerebral oximetry values. 23 However, it is unknown whether the storage age of RBCs is associated with the development of postoperative delirium. In this study, we examined whether the storage age of blood is associated with postoperative delirium in a cohort of patients who underwent cardiac surgery with cardiopulmonary bypass and were assessed prospectively for the development of delirium. We hypothesized that the length of storage of transfused red cell units would be associated with the development of postoperative delirium after cardiac surgery.
METHODS Patients
The population for this case-control study consisted of patients >21 years old who underwent coronary artery bypass graft, cardiac valve repair or replacement, combined bypass and valve surgery, or surgery of the ascending aorta using cardiopulmonary bypass at Johns Hopkins Hospital from January 2005 to June 2011. These dates were chosen because of data availability, in particular the outcome diagnosis. This study was conducted with IRB approval and waived patient consent. We excluded patients who required insertion of a ventricular assist device or patients in whom an aortic anastomosis required deep hypothermic circulatory arrest (<25°C).
We included patients who met several a priori transfusion-related criteria, which were applied to selection of both cases and controls. We only included patients who received a transfusion with red cell units, and the transfusion could not occur after postoperative day 1. We also excluded patients who received >4 red cell units in total. Finally, we included patients only if they had received red cell units that had been stored for ≤14 days exclusively or >14 days exclusively, based on methodology of a previous study. 10 We selected cases (patients who developed delirium) and matched controls (patients who did not develop delirium) from the same source population of patients who met the previously described criteria. To adjust for strong confounding variables, cases were matched 1:1 with controls by date of surgery (2005 ( , 2007 ( -2008 ( -June 2011 , initial type of surgical procedure, and age ± 5 years. Patients could serve as controls for >1 case, and so there were 80 individual controls for 87 cases.
Sources of Data
Data were obtained from several databases. First, characteristics of blood were determined by using a Johns Hopkins internal blood bank system. Data were extracted manually from this database for the purpose of this study, and then, the accuracy of the extraction was checked by another author. Second, patient and surgical characteristics were obtained by using the Johns Hopkins-specific data that were included in the Society for Thoracic Surgeons database and were prospectively collected by using standard Society for Thoracic Surgeons methods and definitions. Third, data on medications were obtained by retrospective medical record review of the medication administration record. Infusions were recorded as the maximal dosage, and opioid administration IV or by mouth were considered as morphine equivalents. Finally, neurological outcomes were obtained from a prospective database that has been developed and maintained for the purpose of assessing neurological outcomes after cardiac surgery. The methods for collecting these data and for defining the neurological outcomes in this database are described in the following section. Although data in each of these databases were collected prospectively, none of the utilized databases were established specifically for the purpose of this study.
Outcome Definition
On a daily basis, clinical nurses identified possible cases of neurological problems (stroke, delirium, confusion, agitation, change in mental status, seizure, coma, or slowness to awaken after surgery) in patients after cardiac surgery and communicated this information to a charge nurse or nurse practitioner. With the use of methodology previously described, 6,24 on every day of every patient's postoperative hospital recovery, the same research coordinator queried the charge nurse (for patients in the intensive care unit [ICU]) and reviewed daily patient progress sheets (prepared by nurse practitioners for patients on the floor) for evidence of any neurologic problems that were communicated to them by the clinical nurses. In most patients, research staff discussed and clarified the type of neurological injury in person with the specific nursing staff, if any neurological injury was reported. Based on the records in this prospectively collected database, delirium was defined for the purposes of this study as the presence of any of the following observations by clinical nurses after clarification by the research coordinator: delirium, confusion, agitation, or change in mental status. 6, 24 We excluded patients with evidence of stroke, seizure, or coma. Patients who died within the first 2 days after surgery were excluded from analysis because of inadequate opportunity for evaluation.
Blood Management
No standard transfusion algorithm was used, although clinical practice is to minimize red cell unit transfusions in accord with anesthesia and surgical guidelines. 25, 26 Red cell units were distributed to patients according to standard blood bank protocol in which the oldest available matching unit was provided for each request. All red cell units were leukoreduced after 2001. Characteristics of red cell units were obtained from the electronic blood bank record, which is used clinically to manage blood bank operations, and data were extracted retrospectively for the purposes of this study.
Statistical Analysis
In our analysis, we considered exposure to red cell units of various storage duration in 2 main ways. The primary a priori outcome analysis was to consider storage duration as a binary variable and to analyze patients according to whether they received red cell units that had been stored for exclusively ≤14 days or >14 days. Because many patients were transfused with red cell units of various storage duration, the second a priori analysis was to evaluate the average storage time of all red cell units received by a patient and to analyze patients according to the average storage time of all transfused red cell units.
For univariable comparisons of characteristics between patients, categorical data were compared by χ 2 test, and continuous variables, which were normally distributed, were compared by t tests. Univariable and multivariable conditional logistic regression was then used to investigate the association between postoperative delirium and storage duration of transfused red cell units. We considered storage duration as a binary variable (exclusively ≤14 vs >14 days and average of all units ≤21 vs >21 days) or as a continuous variable, with a spline term at 14 or 21 days. By using a spline term, we could determine whether the risk of delirium increased with each day of additional storage after a certain cutoff, without considering the effect of storage age before the cutoff. Before data collection, we chose 14 days as a cutoff by using results from published studies. 10 We also chose 21 days a priori as a cutoff because of evidence suggesting that storage times longer than 14 days might lead to even more morbidity, 27 and to allow comparison of results with the results from the large ongoing, multicenter Red Cell Storage Duration Study (RECESS) that uses a similar storage age cutoff of 21 days. 28 The variables included in the final multivariable model either were chosen a priori (age, number of red cell units, cardiopulmonary bypass time, and emergency status) or were considered a priori and also confirmed through forward and backward stepwise selection and Akaike information criteria (cerebrovascular disease). Goodness of fit of the models was examined by using Hosmer and Lemeshow goodness-of-fit tests. Transformations or spline terms for continuous variables were considered for inclusion in the model through visual inspection of graphs of the log odds of delirium. Likelihood ratio testing was used to determine the contribution of transformations or spline terms, with the result that the simplest model assuming a linear relationship was chosen. The potential effect of number of red cell units, patient age, and history of cerebrovascular disease on the association between length of red cell unit storage and delirium were all investigated by using interaction terms in multivariable conditional logistic regression models, using the same variables included in the final model.
We also conducted a post hoc sensitivity analysis, after examining the data, in which we changed how we calculated the storage duration of red cell units that a patient received. Instead of using the average age of all transfused red cell units, we used the oldest age of any transfused red cell unit. We then repeated all the statistical analyses as described above, considering storage duration of the oldest unit of transfused blood. 
RESULTS

Patient and Transfusion Characteristics
Of the 5873 patients who underwent cardiac surgery during the period of study, 1170 developed a neurologic injury, of which 629 were classified as the delirium type ( Fig. 1) . Eighty-seven patients classified as having developed postoperative delirium met inclusion criteria and were matched 1:1 with 87 controls (with 7 controls being matched with >1 patient due to matching with replacement design). Thus, there were 87 case-control pairs comprising 167 individual patients in this study. The median day of delirium onset was on postoperative day 2 with an interquartile range (IQR) of 1 to 2 and a range of 1 to 6. Baseline characteristics of the study patients are shown in Table 1 . Patient demographics, comorbidities, and surgical characteristics were generally similar between patients who received red cell units stored ≤14 days and those who received units stored >14 days, and between patients who received red cell units with average storage duration ≤21 days and those who received units with average storage duration >21 days. However, patient age was significantly lower in the group that received red cell units with average storage duration ≤21 days (70.4 ± 9.9 y/o) compared with that of the group that received red cell units with average storage duration>21 days (73.8 ± 8.5 y/o, P = 0.01). Sedative and opioid administration (propofol infusion, fentanyl infusion, midazolam bolus and infusion) were similar (median 0, IQR 0-0) among the delirious and nondelirious patients. Median postoperative morphine equivalents (mg) were also similar on the day before delirium (delirious patients; 6.25 mg, IQR 0-15 mg versus nondelirious patients; 10 mg, IQR 2.5-22.5 mg; P = 0.12), and on the day of delirium onset (delirious patients; 5 mg, IQR 0.0-21.5 mg versus nondelirious patients; 10 mg, IQR 2.5-20.0 mg, P = 0.16).
In the study cohort, 433 red cell units were transfused. The range of storage duration was 3 to 40 days, and the average storage time was 21.9 ± 8.6 days. The average overall number of units per patient was 2.49 ± 1.07 (range, 1-4 units).
For the 45 patients who received red cell units with exclusive storage time ≤14 days, the average storage time was 11.0 ± 2.3 days, and for the 129 patients who received red cell units with an exclusive storage age >14 days, the average storage time was 25.7 ± 6.5 days (P < 0.001 vs <14-day group). For the 85 patients who received red cell units with an average storage time ≤21 days, the average storage time was 14.3 ± 4.2 days, and for the 89 patients who received red cell units with an average storage age >21 days, the average storage time was 29.1 ± 4.6 days (P < 0.001 vs ≤21-day group).
Primary Analysis
Our primary analysis compared delirium in patients by using a cutoff of 14 days for the storage of all transfused red cell units ( Table 2 ). In univariable analysis, we found no significant difference in odds of delirium for patients who exclusively received red cell units stored >14 days compared with those patients who received all units stored ≤14 days (odds ratio [OR] 1.88; 95% confidence interval [CI], 0.79-4.42; P = 0.15). Similarly, after adjusting for potential confounders in multivariable analysis, we found no significant difference in the odds of delirium for patients who exclusively received red cell units stored >14 days compared with those patients who received units stored ≤14 days (OR 1.83; 95% CI, 0.73-4.58; P = 0.20).
Secondary Analyses
We next determined the risk of delirium with each additional day of average storage duration of red cell units, based on our hypothesis that longer duration of storage would be associated with increased odds of delirium (Table 3 ). Based on the results of prior studies, we prespecified 14 and 21 days of average red cell unit storage as important cutoffs to examine, after which we hypothesized the risk of delirium would increase. In multivariable analysis, we found that each additional day of average red cell unit storage beyond 14 days increased the odds of delirium in patients by an estimated 1.01-to 1.13-fold (OR, 1.07; P = 0.03). Similarly, in multivariable analysis, we found that each additional day of average storage beyond 21 days increased the odds of delirium by an estimated 1.02-to 1.23-fold (OR, 1.12; P = 0.02). The increase in the risk of delirium with increasing red cell unit storage is shown graphically in Figure 2 . In this figure, Patients received red cell units that were stored for exclusively ≤14 or >14 days. c In the length of red cell unit storage category, "REF" refers to the comparison group for odds ratio of delirium among patients transfused with red cell units with storage age of exclusively >14 days. In the no. of red cell units transfused category, "REF" refers to the comparison group for odds ratio of delirium among patients transfused with >1 red cell unit.
we use nonparametric modeling to demonstrate that the risk of delirium increases in a linear manner after approximately 21 days of red cell unit storage. We also examined the importance of the 21-day cutoff by examining whether the risk of delirium increased when the average storage time of all transfused units was >21 vs ≤21 days. In univariable models, we found no increased risk (OR. 1.69; 95% CI, 0.85-3.36; P = 0.13), while in multivariable models, we found that the odds of delirium was an estimated 1.01-to 4.97-fold higher (OR, 2.24; P = 0.048) for patients receiving red cell units that had been stored for an average of >21 vs ≤21 days. However, the CIs were wide with a P value that was only slightly <0.05, and thus, these results should be interpreted cautiously.
Sensitivity Analyses and Interactions
The aforementioned analyses regarding the effects of each additional day of storage used the average storage duration of all units that a patient received, but it is not clear whether the average storage duration or the storage duration of the oldest unit contributes more to posttransfusion morbidity. We conducted additional analyses post hoc by using the oldest red cell unit that a patient received. In multivariable analysis, we found that, for the oldest red cell unit, each additional day of storage beyond 14 days increased the odds of delirium in patients by 1.01-to 1.12-fold (OR, 1.06; P = 0.02). Similarly, in multivariable analysis, we found that, for the oldest red cell unit, each additional day of storage beyond 21 days increased the odds of delirium in patients by 1.03-to 1.20-fold (OR, 1.11; P = 0.01) When multivariable analysis was used to assess other risk factors for delirium (Table 2) , there was no difference in the odds of delirium among patients with a history of cerebrovascular disease compared with no cerebrovascular disease (OR, 2.4; 95% CI, 0.79-7.16; P = 0.12). No other patient comorbidity was significant, and no interaction between the storage age of blood and either the number of units transfused (P interaction= 0.59) or history of cerebrovascular disease (P interaction= 0.38) was found.
DISCUSSION
The results of this study demonstrate that transfusion of red cell units with an exclusive storage age >14 days does not increase the odds of a patient developing delirium after cardiac surgery, the primary outcome of this study. However, for each day of average red cell unit storage duration >14 or 21 days (prespecified secondary outcomes), there is a 1.01-to 1.13-fold and 1.02-to 1.23fold respective increase in the odds of developing postoperative delirium. Of note, more than half of red cell units transfused into cardiac surgery patients at Johns Hopkins in 2011 had been stored for >21 days.
There are several explanations for the discrepancy between the results of our primary analysis (odds of delirium in patients receiving all red cell units stored for >14 days compared with those stored ≤14 days) and our secondary analysis (the effect of each additional day of storage after 14 or 21 days). First, visual inspection of Figure 2 demonstrates a linear association between probability of delirium and storage age of red cell units, and statistical models that examine the effect of each additional day of storage would better capture this linear association. Second, the detrimental effects of red cell unit storage may only be evident after long storage duration, and the secondary analyses account for the fact that longer storage might lead to different biologic effects.
Our findings are consistent with mixed results in the literature. Several retrospective studies have shown an association between increased storage age of red cell units and postoperative morbidity, including renal failure, 10 multiorgan failure, 12 infections, 27 and mortality. 10, 29 However, other retrospective studies have demonstrated no association between length of storage of red cell units and postoperative outcomes, including 30-day mortality, 14 hospital and ICU length of stay, 13, 14 and morbidity 15 (renal failures, pneumonia). These studies (and our study) are all generally limited by retrospective observational design, single-center data, and different definitions or cutoffs for storage age of red cell units. Because of the observational design of these studies, residual confounding may be an alternative explanation for the observed association. 30 The few randomized trials have been limited by small size 31 or restrictive transfusion criteria. 32 Recently, the large multicenter ARIPI trial 33 demonstrated that neonates randomized to transfusion of red cell units <7 days old compared with the usual practice experienced no difference in the composite outcome of major neonatal morbidity. Several large multicenter randomized trials are currently enrolling adult patients, including RECESS 28 (cardiac surgery patients; NCT00991341), Canadian ABLE 34 (ICU patients; ISRCTN44878718), and TRANSFUSE (critically ill patients in Australia and New Zealand; NCT01638416). However, to our knowledge, delirium has not been examined as an outcome in either observational trials or in the prospective randomized trials. Odds ratio represents the increasing odds of delirium for each day of additional average red cell unit storage duration from 0 to 14 days (<14-day category) and from 14 to 42 days (>14-day category), or from 0 to 21 days (<21-day category) and from 21 to 42 days (>21-day category).
ANesthesiA & ANAlgesiA
Length of Red-Cell Unit Storage and Postoperative Delirium
The mechanisms by which increased red cell unit storage duration may increase the incidence of complications, particularly delirium, are not known but may be related to reduced oxygen delivery by stored RBCs. The brain is exquisitely sensitive to adequate oxygen delivery, and reduced oxygen delivery during the perioperative period may impair neuronal function, through such mechanisms as alternations in neurotransmitters. 35 Increased storage of red cell units may lead to reduced oxygen delivery in several ways. First, increased storage time causes morphologic changes in RBCs that result in osmotic fragility, reduced deformability, 9 and subsequent decreased RBC microcirculation. Second, RBC metabolism during storage leads to decreased pH and degradation of 2,3-DPG, which causes an additional decrement in release of oxygen from hemoglobin at the tissue, although the 2-3-DPG has been shown to regenerate quickly. 9, 36 Finally, through S-nitrosylation of hemoglobin and subsequent changes in local nitric oxide activity, RBCs may modulate vasodilation to enhance peripheral oxygen delivery. Storage of red cell units depletes S-nitrosylated hemoglobin and causes reduction in the ability of RBCs to induce vasodilation and augment oxygen delivery. 18 During a period of hemodynamic instability, increased inflammation, and increased metabolic demand, reduced oxygen delivery may impair normal cerebral function. Indeed, acute reduction of hemoglobin concentration in healthy volunteers has been shown to decrease aspects of cognitive functioning in controlled experiments. 37 With the use of an experimental paradigm of isovolemic hemoglobin reduction, subsequent experiments further demonstrated that either supplemental oxygen 38 or administration of red cell units that had been stored for >21 days 39 were able to restore cerebral function, thus implying that stored RBCs might be able to deliver adequate oxygen. However, the population studied was limited to healthy volunteers, with presumably little cerebrovascular disease, and no inflammatory response from surgery, so the vulnerability to decrements in oxygen delivery might be different in healthy patients compared with the postcardiac surgery population.
There are several limitations to this study. First, a significant limitation was the lack of a uniform bedside tool to assess delirium. Instead, clinical nurses reported neurological injuries (including delirium, confusion, agitation, and change in mental status) to research coordinators, and the presence of any of these characteristics was considered evidence of delirium. Further, clinical nurses did not rely on a formal algorithm to define these neurological injuries and instead relied on clinical experience. Nurse identification of delirium has been shown to have low sensitivity and high specificity and often underrecognizes hypoactive delirium. 40 Thus, we may not have recognized all patients with delirium, consistent with the overall low rate of delirium in our population, and our results might apply only to patients with hyperactive delirium, not hypoactive delirium. However, because nurses who identified delirium were not aware of the storage age of red cell units, we do not believe that our results are biased. In addition, clinical nurses cared for their patients over 8-to 12-hour shifts, and so their judgment about cognitive status of their patients incorporated continuing assessments, which are important to diagnose a disease characterized by waxing and waning of symptoms. Further, patients were monitored during every day of their hospitalization, an approach that provides better sensitivity for delirium detection than 1-time assessment, and the data on delirium assessments were collected prospectively by using consistent methodology. Regarding transfusion, there was no standardized transfusion protocol to guide red cell unit administration. However, providers were unaware of the storage age of red cell units before administration, and we accounted for temporal trends in red cell unit management by matching cases and controls by band of surgery date. It is also noteworthy that our study population does not reflect the general cardiac surgery population, because we limited the study population to reduce bias in our analyses. We only examined transfused patients to reduce confounding if sicker patients were more likely to receive a transfusion and develop delirium. We also excluded patients who were transfused with red cell units after postoperative day 1, thereby ensuring that the transfusion of red cell units temporally preceded episodes of delirium. These exclusions may limit the generalizability of our results.
Results from this study demonstrate that transfusion of red cell units that have been stored for >14 days is not associated with increased odds of delirium. However, each day of additional storage of red cell units beyond 14 or 21 days may be associated with increased odds of postoperative delirium in patients undergoing cardiac surgery. The observational design and retrospective analysis are limitations of this study. Thus, more research is needed to further characterize the risk of delirium based on storage age of transfused red cell units. E
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